Currently, methods for monitoring changes of gut barrier integrity and the associated immune 20 response via non-invasive means are limited. Therefore, we aimed to develop a novel non-invasive 21 technique to investigate immunological host responses representing gut barrier changes in response 22 to infection. We identified the mucous layer on feces from mice to be mainly composed of exfoliated 23 intestinal epithelial cells. Expression of RELM-β, a gene prominently expressed in intestinal 24 nematode infections, was used as an indicator of intestinal cellular barrier changes to infection. 25 RELM-β was detected as early as 6 days post-infection (dpi) in exfoliated epithelial cells. 26
Introduction 36
Soil transmitted, intestinal nematodes affect around 24% of the world's population (1) and are 37 prevalent in wild animals. The majority of parasitic helminths live in the gut and are in close contact 38 with the host's epithelial cell (2) , representing an important barrier during infection (3). The gut 39 barrier is composed of specific enterocytes that secrete among others mucins the cysteine rich 40 cytokine RELM-β and antimicrobial peptides, together forming the epithelial barrier during 41 infection (4). This barrier defends against pathogen invasion but also leads to the activation of the 42 mucosal immune system in the underlying lamina propria. In helminth infections the activation of the 43 mucosal immune system leads to the activation of a T helper 2 (Th2) immune response. During a 44 mouse gastrointestinal (GI) infection with Heligmosomoides polygyrus, the Th2 immune response is 45 characterized by the expression of the transcription factor GATA-3, the cysteine-rich cytokine 46 resistin-like molecule-beta (RELM-β), the cytokines interleukin (IL)-4, IL-5, IL-9, IL-13 and the 47 antibodies IgE and IgG1 (5,6,7). This Th2 response leads to reduced worm fecundity and parasite 48 expulsion (8,9). In this scenario, RELM-β has been shown to play multiple roles in different aspects 49 of host defenses. It aids in spatial separation of the colonic epithelium and the microbiota by acting as 50 a bactericidal protein (10,11). Additionally, RELM-β plays a role in immune regulation and host 51 defenses against intestinal nematode infections. In a H. polygyrus infection it prevents worm 52 feeding on host tissues and contributes to the weep and sweep response (12,13). Notably, during H. 53 polygyrus infection significant changes in the composition of the gut microbiota have been 54 documented (13, 14) . 55
Currently, different diseases are detectable using non-invasive techniques that utilize samples from 56 urine, saliva, and stool. Urine samples can be used to detect selected viral, bacterial and parasitic 57 diseases (15,16), including typhoid fever (17) and eggs of the blood fluke Schistosoma haematobium 58 (18). Saliva has been a useful source in the early detection of foot and mouth disease in wild boar 59 (19). Moreover, bacterial infections such as Helicobacter pylori (20) and the parasite Plasmodium 60 falciparum are detected non-invasively using saliva from infected patients (16). Stool is regularly 61 used to monitor numerous wildlife populations, including detection of virus infections in gorillas (21) 62 or wild apes (22), bacterial shedding in the European badger as well as helminth eggs in Asian 63 elephants (23,24) or African buffalos (25). In addition, stool is also used in humans to detect 64 cytomegalovirus DNA instead of using mucosal biopsies (26) . 65
In gastrointestinal helminth infections various helminth eggs are detectable using stool, however this 66 method does not detect the early stages of infection. Neither does it investigate host parameters 67 associated with disease, such as gut barrier related changes. Therefore, a non-invasive sampling 68 technique that provides further information about cellular changes during infection and enables the 69 monitoring of disease progression is urgently required for both laboratory and field settings. A non-70 invasive assessment reflecting cellular and immunological gut parameters would provide a better 71 understanding of pathogen burdens, detection of communities prone to diseases and the identification 72 of immunologically naïve populations (15, 27) . 73
Here, we describe a novel non-invasive method that uses exfoliated intestinal cells to monitor cellular 74 and immunological changes of the gut barrier in response to infection. We establish and demonstrate 75 this method in laboratory mice infected with the small intestinal nematode H. polygyrus. By 76 comparing acute versus chronic infection, dose-dependent responses and reinfection after abrogation 77 of infection, we illustrate the potential of detecting cellular responses after gut barrier changes using 78 RNA extracted from exfoliated intestinal cells. In addition, we applied this method to wild mouse 79 stool samples. Thus, this study uses the gene expression from exfoliated cells present on stool to 80 detect changes in gut barrier function due to infectious diseases by non-invasive means. 81
82

Materials and Methods 83
Animals 84
Female BALB/c mice were used (8 weeks old; purchased from Janvier, Saint Berthevin, France). The 85 experiments were performed followed the National Animal Protection Guidelines and were approved 86 by the German Animal Ethics Committee for the protection of animals (H0438/17, G0113/15, 87 G0176/16). 88
Infection 89
H. polygyrus was maintained by serial passage in C57BL/6 mice, described previously (Rausch et al. Fecal collection and storage 96 4-10 freshly excreted fecal pellets were collected from mice. Fecal pellets were collected in 97 cryotubes, placed into liquid nitrogen and stored at -80°C until processing. 98
Wild mice sampling 99
House mice (Mus musculus) were captured in autumn 2017 using live traps (approval number 35 -100 2014-2347). Traps were set overnight in farms and private properties in the state of Brandenburg in 101
Germany. All animals were transferred to individual cages and remained there until fecal samples 102 were collected on the following day. Fresh fecal samples were kept in liquid nitrogen during 103 transportation and maintained at -80°C until processing. Mice were euthanized, digestive tracts were 104 dissected and helminths were identified and counted under a binocular microscope. 105
Intestinal exfoliated epithelial cell extraction 106
Flotation method: Falcon tubes (15 mL) were filled with 3 mL PBS and put on ice. Faecal pellets 107 previously stored at -80°C were used and one pellet was placed individually into each falcon tube. 108
Tubes were placed on a rocker for 45 minutes at 4°C. Tubes were then turned upright on ice for a 109 further 20-30 minutes to allow cells to loosen up. Another set of falcon tubes were prefilled with 3 110 mL PBS and stored on ice. Individual falcon tubes containing a single fecal pellet were slowly 111 inverted until the layer of epithelial cells started to detach from the fecal pellet. The inverting force 112 on the falcon tubes was slowly increased until the layer floated off. Epithelial cells could also be 113 removed using a pipette while rotating the fecal pellet to completely peel off the layer. These cells 114
were then collected using a pipette and placed into the freshly prepared falcon tubes to remove any 115 fecal debris. This material was subsequently used for RNA extraction (Analytik Jena, Jena, 116 Germany). 117
Alternative field method: Fecal pellets were placed in 2 mL tubes filled with 1 mL RNA later 118 
Fecal egg counts 156
Fecal pellets were collected and placed in glass tubes. Fecal pellets were homogenized and mixed 157 with 1 mL tap water. Next, 6 mL of a saturated salt solution (NaCl) was added to the homogenized 158 sample. The McMaster chamber was then filled with sample and eggs were counted. 159
Flow Cytometry 160
For surface and intracellular staining, the following monoclonal antibodies were used: CD4 ( Experiments are displayed as either mean ± SD or mean ± SEM as indicated. Statistical analysis was 166 completed using GraphPad Prism software (La Jolla, CA, USA). Significance was determined as 167 indicated using the Kruskal-Wallis with Dunn's multiple comparison test or the Mann Whitney U 168
Test. Also, multiple t tests were corrected for multiple comparisons using the Holm-Sidak method. 169
Significance was measured as *P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001. In nature, animals frequently get re-infected with helminths. Therefore, we asked if our new non-256 invasive method is suitable to detect the expression of RELM-β as a marker for gut barrier changes 257 after drug clearance of H. polygyrus and reinfection. Mice were re-infected 28 days after drug 258 clearance with 200 L3 infective larvae. RELM-β mRNA was significantly detectable in exfoliated 259 gut cells at day 4 and day 6 in mice re-infected with H. polygyrus ( Figure 3C ). Interestingly, a 260 significantly positive linear relationship was observed between the expression of RELM-β in 261 exfoliated cells and adult worm counts ( Figure 3D) . 262
Analysis of intestinal exfoliated cell gene expression in wild mice samples 264
In order to analyze the potential of the non-invasive cytokine detection method with wildlife animals, 265 we tested stool samples collected from wild Mus musculus mice captured in Brandenburg, Germany. 266 RELM-β gene expression was analyzed in exfoliated intestinal cells isolated from fecal pellets from 267 wild mice with no worms detectable in the gut. The data was then compared to data obtained from 268 wild mice with different helminths present at the time of collection and dissection (Supplementary 269 Table 3 ). We also observed a significant increase of RELM-β expression in samples from wild mice 270 with worms ( Figure 3E ). Our study with samples from wild animals shows that RELM-β is 271 detectable during an active infection with intestinal helminths. material is limited. We tested fecal pellets from wild mice freshly placed in RNA later™ and then 296 stored at -20°C for 30 days. Interestingly, β-actin expression was detectable with a Ct value of 25, 297 similar to flash frozen and -80°C stored fecal pellets (data not shown). Thus, this non-invasive 298 method allows stool to be stored for longer periods of time before analysis, whereas egg counts need 299 to be processed as soon as possible for a reliable representation of infection (33) . This suggests that 300 both egg counts and exfoliated cells should be used together to complement the information not only 301 on the infection status but in addition the cellular host responses at the gut barrier. 302
Nematodes dwelling in the small intestine such as H. polygyrus have been shown to affect colonic 303 permeability (34). This cellular response in the colon to an infection dwelling in the small intestine 304 enables the detection of cellular responses using exfoliated cells likely originating from the colon. In 305 addition, gastrointestinal nematodes have been described to alter the gut bacterial environment 306 (13,35). Increase in abundance of gram-negative bacteria during H. polygyrus infection (13,14) , 307 accompanied by colonic barrier permeability (34) correlate with the increased early detection of 308 RELM-β during infection in our study. Here, it is interesting to note that RELM-β is highly expressed 309 (32) and plays multiple roles such as recruiting CD4 + T cells in Citrobacter rodentium infection (10). 310
Additionally, RELM-β has been described as a bactericidal protein that kills gram-negative bacteria, 311 limiting the association of bacteria with colonic tissues (11). Thus, the ability to detect RELM-β in 312 exfoliated cells can possibly be attributed to the highly abundant goblet cells in the large intestine 313 secreting RELM-β, to deal with gut barrier changes and the increase in bacteria during nematode 314 infection. Thus, the previously described altered colonic permeability (34) and the increased gram-315 negative bacteria (13,14) explain the high expression of RELM-β and the detectability in exfoliated 316 cells compared to the tissue cytokines. 317
Comparison of the tissue cytokines in different tissue compartments at 14 dpi confirmed no 318 significant changes in IL-25, IL-33 and TSLP in the distal colon ( Figure S1A-C) . Additionally, 319 expression of these tissue cytokines could not be detected using exfoliated cells from stool. The 320 observed systemic tissue RELM-β expression and high expression in exfoliated cells displays a 321 reliable marker that mirrors the local H. polygyrus Th2 immune responses non-invasively. 322
Additionally In wildlife, animals are exposed to a variety of pathogens and monitoring of the health status is 334 urgently needed for wildlife conservation, zoonotic diseases and disease control. However, the only 335 methods applicable to wildlife studies are non-invasive methods. Over time there have been many 336 advances in different molecular biology techniques allowing for in depth research into different 337 diseases. However, not much is known regarding cellular changes during infection in natural animal 338 populations. We demonstrate here that our method using exfoliated cells to investigate infection 339 related gut barrier changes works in both laboratory and wild animals. 340
In conclusion, we describe a novel method to measure cellular parameters using exfoliated cells from 341 stool to detect infection-related gut barrier changes in samples from wildlife and experimental 342 laboratory conditions. Further investigation into pathogen-specific infection markers is required. 
